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The shock Hugoniot and adiabatic release curves of sedimentary rocks display a range of different behaviors that
affect the decay of shock waves propagating away from a confined source, Many of the minerals making up sandstounes, LO"
shales. and limiestones undergo phase transitions when shocked to pressures of interest to studies of cupling of energy from if)
explosive sources into far field seismic waves. Both sand~stones and limnestones have been observed to exhibit elastic w4-ý
precursors and multiple wave behavior at shock velocities up to 3.7 kin/s and 5.7 km./s, respectively [Ahrens and Giregsonv-
1964). Hysteresis in the shock-release paths of materiaLs results in irreversible energy deposition. thus depriving the shock )
wave of energy required to drive its propagation arid resulting in a more rapid decay and less efficient coupling to far field
waaves than expected from geometrical effects alone Thus, data constraining this behavior in rocks are essential for
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ssignificant extent. Our objective was to obtain exspenmental data for shock and release behaviors of elastic and carbonate 0
sedimentary rocks and use those data along with data from other sources. to deveiop a theoretical model of the hysteretic
shock-release padis of these rocks. We use this model to constrain the energy deposited irreversibly in these rocks by the
passage of shock and release waves. The release model we use is a modification of that used by Sekine et aL 11493,
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OlJECTIVE

The shock Hugoniot and adiabatic release curves of sedimentary rocks
display a range of different behaviors that affect the decay of shock waves
propagating away form a confined source. Many of the minerals making up
sandstones, shales, and limestones undergo phase transitions when shocked tc
pressures of interest to studies of coupling of energy from explosive sources
into far field seismic waves. Both sandstones and limestones have been
observed to exhibit elastic precursors and multiple wave behavior at shock
velocities up to 3.7 km/s and 5.7 km/s, respectively 'Ahrens and Gregson.
1964)]. Hysteresis in the shock-release paths of materials results in
irreversible energy deposition, thus depriving the shock wave of energy
required to drive its propagation and resulting in a more rapid lecav and less
efficient coupling to far field waves than expected from geometrical effects
alone. Thus, data constraining this behavior in rocks are essential for
determining the cavity volumes for various degrees of decoupling for different
lithologies.

The behavior of most sedimentary rocks during adiabatic release has nct
been experimentally investigated to a significant extent. Our ob5ectve was
to obtain experimental data for shock and release behaviors of clastic and
carbonate sedimentary rocks and use those data along with data from other
sources, to develop a theoretical model of the hysteretic shock-release paths
of these rocks. We use this model to constrain the energy deposited
irreversibly in these rocks by the passage of shock and release waves. The
release model we use is a modification of that used by Sekine er a!. '193.
submirted! for g:anite.

RESEARCH ACCOMPLISHED

We have studied the shock compression and adiabatic release behavior of
Coconino sandstone with an initial density poc - 2.329 Mg/m 3 , Solenhofen
limestone with initial density -oc - 2.613Mg/m3, and a calcareo.s shale with
initial density poo - 2.574Mg/m3. The sandstone is essentially quartz with
only minor amounts of other constituents and the limestone is essentially pure
calcite with very minor amounts of other constituents. The shale, based on a
modified CIPW normative mineral calculation, is composed of subequal amounts
of quartz, clays, and calcite.

The features of the Coconino sandstone Hugoniot (figure 1) can be
identified with those of the quartz Hugoniot. At very low pressures. there is
an elastic shock wave which precedes the plastic deformation shock wave. The
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Figurr7 1, hugoniot curve and adiabatic reiease paths for Coconino sandstone.

limiting stress of this elastic wave is the Hugoniot elastic limit (HEL,).
Above the HEL. the Hugonic, t may be broken down into low pressure phase (LFF 1
and high pressure phase (HPP) stability regions, with an intervening mixed

phase (MP) region where insufficient energy is provided by the shock wave to
drive the formation of the HPF to completion. Based on the data of Ahrens an-f
Gregson j[1964 j, the HEL of sandstones seems very stronglyv dependent on the
initial density of the rock. The elastic wave velocity, which has no
systematic dependence on strain rate at a given initial density, varies from
2.8±.2 km/s for co-, - 1. 961 Mg/m3 to 3. 6±.i1km/s for voc - 2.141 JMg/m3,

Above the HEL, the sandstone LPP and HPP can be identified with quartz
and stishovite. The sandstone Hugoniot is well modelled using the equation of
state (EO5) parameters of quartz for the LPP region and stlshovite for the HPP
region. The MP region is modelled by a volume weighted average of the HPF and
LFP Hugoniot curves in the P-V plane:

VMF - fVBF + (l-f)VLPP (I)

where f is the mass fraction of HPP. We assume that f varies linearly with
pressure from 0 at the lower bound to the MP region, where HPP formation
begins, to I at the upper bound of the MP region, where HPP formation is
complete. Consideration of the present data and data from Van Thiel ý1977i
suggests that HPP formation begins at a Rankine -Hugoniot energy of ERE =
0. 95t.05 MJ/kg and is complete at E•w ft 3.8±.2 MJ/kg, independent of the
initial density of the sample. ERH is given by

ERE - hPH(VE-Voc) (2)
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where PE and V5 are the pressure and specific volume on the :4ugoniot and v. Is
the initial specific volume of the material. 4

Release adiabats from the LPP region are well modelled by paths which
have the same curvature as the nonporous quartz Hugoniot in the P-V plane. ýe
model this behavior by assuming that all release paths from the LPP regionr of
the Hugoniot are isentropes characterized by the same zero pressure bulk
modulus, Ks0 , and its pressure derivative, Ks'. The zero pressure density for
a given release path is constrained by the requirement that the isentrope
intersect the Hugoniot curve at the proper point. We find Murnaghan equation
parameters for these isentropes to be Ksc - 42. 7 GPa and Ks' - 5.0.

Release from the HPP region is modelled in a similar fashion. following
a curve which mimics the stishovite region of the quartz principal Hugoniot.
These isentropes are described by Murnaghan equation parameters Ks- - ý77 SPa
and Ks' - 3.35. The material follows these curves down to a critical pressure
P,. where the MPP begins to convert to a diaplectic glass with a density of
2.27Mg/m3. From Pc to P- O, we assume that the HFP release curve follows a
straight line in P-V space to the diaplectic glass volume at zero pressure.

Release from the MF region is modelled as a mixture of the LPP and HE!
release paths, according to the prescription in equation (1). with the
fraction f of the HP? being frozen at the value achieved on the Huzonl:
Based on the results of Sekine et al. [1993, submitted', we take P, to be
volume-dependent:

Pc - 32.2 - 85.5V.'

where P, is in GPa and V is the total specific volume in units of m'/MF
The shale Hugoniot curve (figure 2) also has elastic. LPP. ME. and HFF

regions. The HEL of the shale is -2.35±.15 GPa. corresponding to a shock
velocity of 4.7km/s. The MP region in the shale, based on preliminary
results extends from -15 GPa to -35 GPa. Taking a nonporous zero-pressure
density of po - 2.650Mg/ms for the shale LPP, we find that the shock wave data
can be fit with LPP principal isentrope parameters of Ksz - 33 6 OFa and Ký' -
8.5, under the assumption that the thermodynamic Gruneisen parameter at 4: is

- 1.0 and n - 1, where

A preliminary model for the HPP based on MP region data and the LPP equation
of state and assuming the MP region is modelled by equation (1). is p: - 3.172
Mg/m3, Ks0 - 70 GPa, Ks' - 4.0, and -y - 1.0 with n - 1. The energy of
transition, Etr, from low pressure phase to high pressure phase at STF is 0.27
HJ/kg, based on the assumption that the clay minerals are similar to muscovite
in that they do not undergo a shock-induced phase transition and that calcite
converts to the high pressure phase and quartz converts to stishovite.

Release paths from both the LPP and HPP regions of the shale Hugoniot
all fall on or above the Hugoniot, in contrast with the sandstone release
paths. We find that release paths from the shale LPP region are well modelled
by a suite of isentropes with Murnaghan equation parameters Ksc - 39 GPa and
Ks' - 6.1 for release from shock pressures below 14 GPa. Above PH - 14 GFa. the
LPP release paths change fundamentally, being better described by a suite of
isentropes with Ks0 - 31 GPa and Ks' - 1. As with the sandstone LP- and HPP. the
zero pressure density for each release path is constrained by the requirement
that the release path intersect the Hugoniot at the correct volume. Release
paths from the HPP region can be modelled by a suite of isentropes with
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is modelled as a mixture of this high pressure phase and a lower pressure
phase that has - 2- 985Mg/m3, Kso - 110GPa, Ks' - 4, -y - 1.44, n- 0.6, and
Et -00. These parameters are not a true equation of state, but provide a
convenient estimate of the Hugoniot of the lower pressure phase. As with the
mixed phase regions of the shale and sandstone, we model this mixture by
equation (r) with the fraction f of the higher pressure phase varting linearly
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Figure 3. Hugoniot curve and adiabatic release paths for Solenhoten
limestone. The shock behavior below 20GPa is very complicated. The release
paths are constrained by the new data obtained in this study and by the data
of Vizgirda and Ahrens [1982,.

with pressure between the phase transition onset at 10 GPa and completion at
31 GPa.

Release paths from the single phase region of the Hugoniot are
tentatively modelled as isentropes with Murnaghan equation parameters Ks:- 66
GPa and Ks' - 2.3, based on our results and those of Vizgirda and Ahrens
[19821 for aragonite. For the purposes of calculating the mixed phase release
paths from Hugoniot states between 14GPa and 31 GPa, we model the lower
pressure phase release paths as isentropes with Murnaghan equation parameters
Ks0 - 30 GPa and Ks' - 1.

CONCLUSIONS AND RECOMMENDATIONS

We apply the results for the hysteretic shock-release paths of the rocks
studied to calculate the fraction f' of the energy ER that is irreversibly
deposited in the material for a given shock pressure using the equation

f'- 1 -E./M (5)
where

Ve

ER*1 f PdV (6)
VR

where the subscripts H and R on V denote the Hugoniot and release volumes.
respectively. The resulting estimates for P are presented in figure 4 for
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Figure 4. Fraction f' of the Rankine-Hugoniot energy irreversibly deposited
in sandstone, shale, and limestone, as a function of shock pressure. The low
values for the limestone and shale can apparently be attributed to the release
behvior of calcite.
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the sandstone, P' approaches 1 at low shock pressures because of pore
collapse, but rapidly drops to -0.53 at 14GPa, rising slowly thereafter to
-0.77 at 100GPa. Because the release paths for both the shale and the
limestone show large expansions. the value of ERI is close to ERE. As a
result, P' is small for both of these materials, falling below 0.4 for PH > 3
G~a. At shock pressures below -30GPa, both shale and limestone show regions
where f' = 0, reflecting the large expansion of calcite on release from the
low pressure region of the Hugoniot. The shale shows similar behavior above
70 GPa in the calculations, but this behavior is not well constrained by the
data presently in hand. These results suggest that shock waves from sources
confined in volatile-rich rocks, especially those rocks rich in carbonates.
will decay more slowly (by a factor of -3) than those in volatile-poor rocks
such as sandstones. As a result coupling of explosions is expected to be-more
efficient in volatile-rich rocks.
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